We report on the electronic, thermal, and elastic properties of the layered ternary, Ti 2 SC. Resistivity, Hall effect, and magnetoresistance were measured as a function of temperature between 2 and 300 K and at fields up to 9 T. The Hall coefficient is negative and roughly temperature independent. The transport results were analyzed within a two-band framework, with electrons as the dominant charge carrier. The room-temperature thermal conductivity ͑Ϸ60 W / m K͒ is the highest of any MAX phase measured to date, with a substantial phonon contribution. The specific heat was measured from 2 to 300 K, yielding a Debye temperature of 765 K and in agreement with the Debye temperature of 745 K found from ultrasonic time-of-flight measurements. Young's, shear, and bulk moduli from the latter measurements were 290, 125, and 145 GPa, respectively. The calculated values of the lattice parameters ͑a = 3.2051 Å and c = 11.2636 Å͒, and Young's, shear, and bulk moduli ͑329, 138, and 179 GPa, respectively͒, based on the results of density functional theoretical simulations, compare favorably with measurements.
I. INTRODUCTION
Machinable ternary carbides and nitrides with the general formula, M n+1 AX n ͑where M is an early transition metal, A is an A-group element, and X is C or N͒ represent a class of solids with an unusual combinations of properties. [1] [2] [3] Two independent basal slip systems render them exceedingly damage tolerant, thermal shock resistant, and relatively tough. 3 Their most characteristic attribute, however, has to be the ease by which most materials within this family can be machined.
Studies on bulk materials have shown that most of the carbon-based MAX phases-especially the Ti-containing ones-are compensated conductors in that the concentrations of electrons and holes are nearly equal. [4] [5] [6] [7] [8] Their electron and hole mobilities are also quite comparable. Consistent with their compensated nature, many MAX-phase compounds exhibit a thermopower near zero over a wide range of temperatures. [5] [6] [7] [8] Original synthesis of Ti 2 SC powder was achieved by Kudielka and Rhode, 9 followed by Nowotny. 10 Sulfur containing ternaries, as well as P and As, have a considerably shorter c-axis lattice parameter than those of all other MAX compounds. This results in the lowest c / a ratio of the M 2 AX ͑211͒ compounds and is thus expected to exhibit different transport properties. For instance, Nb 2 SC is a known superconductor, with a transition temperature of 3-5 K depending on C concentration. 11 This paper examines the physical properties of Ti 2 SC to gain insight into its elastic, electronic, thermal, and magnetic transport properties. To achieve this goal, we measured the electrical resistivity , magnetoresistance coefficient ␣, Hall coefficient R H , thermal conductivity , Seebeck coefficient, and heat capacity c p , of fully dense Ti 2 SC, and compared the measurements to results of density functional theoretical simulations.
II. EXPERIMENTAL AND ANALYSIS DETAILS
The sample fabrication details are described elsewhere. 12 In general, samples were hot pressed in a vacuum atmosphere hot press starting with-325 mesh Ti 2 SC powder ͑3-ONE-2 LLC, Voorhees, NJ͒. The powder was wrapped in graphite foil, placed in a graphite die and heated up at 10°C / min to 1500°C and held at that temperature for 5 h. The chamber was pressurized at 500°C to a maximum pressure of ϳ45 MPa that was maintained throughout the process.
Electrical and thermal transport measurements were carried out on samples with dimensions 1 ϫ 1 ϫ 10 mm 3 . R H , , and the magnetoresistance MR, were measured as a function of temperature in the 2-300 K range and in magnetic fields up to 9 T. Thermopower and thermal conductivity were measured between 2 and 400 K. All measurements were performed on a Quantum Design Physical Properties Measurement System with a four-probe technique. The details of the experimental procedures can be found elsewhere. 4, 7, 8 Ultrasonic echo-pulse measurement of longitudinal v l and shear v s sound velocities were carried out at room temperature on polished 8 ϫ 8 ϫ 8 mm 3 cubes cut from the same batch used for the transport and thermal measurements. For room temperature, Salol® was used as a bonding compound for the lithium niobate ultrasonic transducer tuned at its fundamental frequency of 15 MHz. Both sound velocity measurements were performed on a RAM 10000 from Ritec which has a resolution of 10 ppm time-of-flight resolution.
Other experimental details on this technique are discussed elsewhere. 8 Raman spectra were taken at room temperature with a Renishaw 2000 spectrometer using Ar ion laser excitation ͑514.5 nm͒. Spectra were collected in static mode with ten accumulations with a 60 s exposure time. Experimental peak positions were calculated through Lorentzian fitting with a system resolution of 2 cm −1 . Density functional theoretical ͑DFT͒ calculations of total energy, of interatomic forces, and of the stiffness tensor components were performed with the Vienna ab initio simulation package 13 ͑VASP͒ as implemented in MedeA ͑Materials Design, Angel Fire, NM͒, which has been used previously to predict energy-optimized structures in other MAX phases. 14 The relaxed lattice parameters and atomic positions were calculated by using the automated energy convergence in MedeA. Phonon and mechanical property calculations were started with the relaxed cell as the initial configuration. All calculations were done with a first-order Methfessel-Paxton smearing 15 with a width of 0.2 eV, and the generalized gradient approximation-Perdew, Burke and Ernzerhof/projector augmented-wave ͑GGA-PBE/PAW͒ ͑Refs. 16 and 17͒ pseudopotentials implemented by VASP ͑Ref. 18͒ using a 400 eV plane wave cutoff. These were chosen because of the metal-like electronic properties of the MAX phases. A 9 ϫ 9 ϫ 3 k-point grid evenly spaced in the first Brillouin zone was used, chosen to be the same as the final k-point grid from the automated convergence, which was constrained to choose odd-sized grids. The moduli were calculated from the stiffness matrix which was calculated by perturbing the unit cell in five directions ͑necessitated by the hexagonal symmetry͒ to strains of 0.005, 0.01, and 0.02, calculating the energy after relaxing the atomic positions, and then using a leastsquares fitting to determine the constants in the matrix. 19, 20 The residual of the least-squares fitting was 3.7%.
Phonon modes were calculated from MedeA's implementation of PHONON, 21 using the direct approach with twopoint displacements where select atom positions were perturbed according to the symmetry of the cell giving partial derivatives for the energy. Modes were determined from the eigenvectors of the force matrix computed. The same optimized unit cell was used rather than a supercell because our interest was limited to the gamma point energies. Raman modes were identified based on their symmetry following Ref. 14. Fig. 1 , is relatively large, negative, and generally temperature independent. The lower-right inset of Fig. 1 is a plot of the temperature dependence of the MR coefficient, ␣, which is defined as ͕͓͑B͒ − ͑0͔͒ / ͑0͒ = ␣B 2 ͖, where ͑B͒ is the field-dependent resistivity. In general, the MR is positive, quadratic, and nonsaturating for all measured temperatures and magnetic fields up to 9 T.
III. RESULTS
The Seebeck coefficient as a function of temperature is shown in Fig. 2 . At higher temperatures the thermopower is negative at roughly −10 V / K. The thermal conductivity,, monotonically increases with temperature up to 390 K ͑Fig. 3͒. In Fig. 4 , we present the low-temperature specific heat c p / T as a function of T 2 . The overall temperature dependence of c p is shown as an inset. Figure 5 shows the Raman spectra for Ti 2 SC, which has four peaks associated with it. Table I lists Table II lists experimental and calculated physical properties such as the lattice constants and elastic moduli.
IV. DISCUSSION
A large negative Seebeck coefficient and relatively large and roughly temperature independent negative R H indicates a single-band, n-type, conductor. In the low-field limit of the single-band model, the following apply:
where n is the electron carrier density, n is the electron mobility, e is the charge of an electron, and the electrical conductivity. This simple set of expressions allows a check for consistency between the temperature dependence of and the transport data that can be extracted through the application of a magnetic field. For example, the magnitude and temperature dependence of can be estimated from R H and ␣. However, when these values are used, we find a temperature dependent that is a factor of five smaller than the measured .
Thus in order to properly analyze this system, a twoband model, used on most MAX phases studied to date, is required. In the low-field limit of the two-band model, the following apply: 
where p is the hole carrier density; p is the respective mobility. As there are four unknowns and three equations, a unique solution is not possible; however, it must be kept in mind that for all measurements at all fields and temperatures, there was no deviation from low-field behavior, implying that the scattering criterion of n B, p B Ӷ 1 is satisfied. Assuming B = 0.5 and a maximum field of 10 T, this puts an upper limit on n and p of 0.05 m 2 / V s. Note that the selected criterion is not very restrictive since deviations from the low-field model would be expected in this case. Since n and p are independent of temperature for metal-like conductors which has been confirmed for most MAX phases examined to date, 4, 7, 8 the low-temperature results, where the mobility is highest, yield the graph shown in Fig. 6 
where L 0 is the Lorenz number. It is known that the value of L 0 is only correct at temperatures or much lower or higher than Debye temperature. Using L 0 at all temperatures provides an upper limit on the thermal conductivity due to charge motion and a minimum contribution from the phonon channel which will be designated as p min . Application of this expression allows an extraction of p min from using the following:
After performing this manipulation of the data, we find that L 0 T / and p min are nearly equal over most of the temperature range measured ͑Fig. 3͒. This indicates that the enhanced thermal conductivity is a result of a large contribution from the phonon channel in comparison to that of other MAXphase materials. A large phonon contribution to suggests a stiff material. This conclusion is consistent with the A-group element not rattling in the structure, as typical for all other A-group elements except Al, which is also relatively well bound. 2 For most metal-like conductors, including the MAX phases, c p is given as
at low temperature T, where ␥ is related to the electronic density of states, N͑E F ͒, and ␤ relates to the phonon excitations. The data shown in Fig. 4 cannot be fit with Eq. ͑9͒ because of the increase in c p at T Ͻ 7 K. This increase is most likely due to a Schottky anomaly. At temperatures where k B T Ͼ Ͼ, where k B is Boltzmann's constant and the energy difference between the two low-lying levels, c p from a Schottky anomaly depends on temperature as AT −2 . Fitting the data with the sum of the three contributions yields a reasonably good fit with the fitting parameters ␥, ␤, and A per unit cell being 11.2 mJ/ mole K 2 , 0.034 mJ/ mole K 4 , and 480 mJ/mole, respectively.
The ␥ term for Ti 2 SC is in agreement with that found for other Ti-based 211 MAX phases and is given by
where is the electron-phonon coupling. Setting = 0.2 ͑an approximate value for other Ti-based carbide MAX phases͒, 22 one finds N͑E F ͒ϳ5.7 eV −1 / unit cell. For the phonon contribution to c p , the characteristic parameter is the Debye temperature ⌰ D , which is related to ␤ by
where x is the number of atoms per formula unit and R is the gas constant. The values derived from the experimentally determined ␤ are ⌰ D = 765Ϯ 15 K. This is the largest value measured to date for a 211 material 23 and is commensurate with the values determined for the typically stiffer 312 MAXphase materials and also consistent with the large phonon contribution to the thermal conductivity.
The Schottky-like anomaly probably arises from lattice defects. Such defects would be consistent with the upturn in the low-temperature resistivity and may be related with Fe impurities introduced during grinding of the powders since long collection time energy dispersive spectroscopy indicate about 2 wt % Fe. To test this, we synthesized Ti 2 SC with 5 and 15 wt % Fe. Performing low-temperature c p measurements and the analysis outlined above, we find a 10% and a 6% variation in ␥ and ⌰ D , respectively, but a 400% increase 
where E, , and B are Young's, shear, and bulk moduli, respectively, and M the density of the material. Using these expressions, we find that E, , and B are 290, 125, and 145 GPa, respectively. In general, like other ab initio work on the MAX phases, [24] [25] [26] [27] [28] [29] the agreement between theory and experiment is quite good. This coupled with the agreement between calculated and measured Raman spectra indicates a good understanding of the bonding in this material. We note in passing that while E and B are commensurate with those of most other 211 materials, the shear modulus is somewhat larger; approaching those in the 312 compounds. 2 We believe this, in part, explains the higher hardness of this material relative to the other MAX phases. 12 This analysis suggests that Ti 2 SC is unusual among MAX-phase family: the electronic carrier concentration is rather small, while elastic measurements indicate that this material is stiff, particularly in shear. This work relates to measurements on a material with A group from the VIA column of the Periodic Table which contains elements with high electron affinities. Enhanced bonding between S and the Ti-C units is consistent with all elastic and mechanical observations and with the observation that this material is not as readily machinable as other MAX-phase materials. We suspect that the origin of the increased modulus in this material is through a stronger bonding to the A-group planes, while in the 312 materials it is a result of a higher fraction of M-X bonds.
V. SUMMARY
The layered ternary, Ti 2 SC, is an unusual MAX phase. The electrical conductivities, Hall coefficients, and magnetoresistances were analyzed within the low-field limit of a two-band framework, with electrons as the dominant charge carriers. Thermal transport results suggest that the phonon contribution to the thermal conductivity was as important as the electronic contribution. This suggests a stiff material, which agrees with ultrasonic time-of-flight measurements, yielding Young's, shear, and bulk moduli of 290, 125, and 145 GPa, respectively. Finally, the results of DFT simulations of lattice parameters, moduli, and zone-center phonon energies are in good agreement with experimental results.
